The mustached bat (Pteronotus parneUii) detects the wing beats of prey insects by resolving small frequency modulations in the return echoes to the constant frequency component of its echolocation call at about 61 kHz. The fine frequency discrimination required for this task is due largely to the mechanical properties of the cochlea, as indicated indirectly by the presence of large otoacoustic emissions at 61 kHz. A laser diode interferometer was used to measure basilar membrane displacements in the basal turn of the cochlea at a location that is 4-6 mm basal to the 61-kHz place on the basilar membrane. The region of the basilar membrane from which the measurements were made was tuned not only to those characteristic of this location (88-98 kHz) but also very sharply tuned to 61 kHz. The 61-kHz tuning was labile and could be modeled as a simple resonance. The resonance is not restricted to the 61-kHz place but involves more basal regions. We also provide direct evidence to show that otoacoustic emissions from the ear propagate along the basilar membrane.
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The mustached bat (Pteronotus parnellii) uses constant frequency echolocation calls to hunt insects within the forest canopy. Its auditory frequency resolution is among the highest known for mammals and enables Pteronotus to resolve fine frequency modulations in the returning echoes, such as those caused by the wing beats of prey insects, and to distinguish the insects against the acoustic clutter of the dense foliage of its hunting ground (1) . It has been proposed that specialized mechanical processing in the cochlea provides the basis for the extraordinarily sharp neuronal tuning to frequencies slightly above the dominant 61-kHz call frequency, although direct evidence for this processing had not been obtained until now. The sharp tuning has been attributed to cochlear adaptations that include an expanded representation of the 60-kHz range on the basilar membrane (2) , which has been called the acoustic fovea. Signs of this tuning are the sharp threshold minima and resonance of the cochlear microphonic potentials (3) (4) (5) and strong spontaneous and evoked otoacoustic emissions (OAEs) at about 61 kHz (6) . In this study we have used a laser diode interferometer to measure displacements of the basilar membrane (BM) in the basal half-turn of the cochlea where frequencies above the range of the acoustic fovea are represented and we have compared these measurements with OAEs that were measured in the auditory meatus. A special feature of the interferometer is that BM displacements can be measured without disturbing the mechanical properties of the cochlea by either exposing the basilar membrane or placing reflectors and targets on it.
METHODS
Mustached bats (P. parnellii) were anesthetized with an initial dose of 2 mg of sodium pentabarbital per 100 g and either 1.2
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. mg of ketamine hydrochloride per 100 g (Ketavet, ParkeDavis) or 0.13 mg of fentanyl dihydrogencitrate per 100 g (Hypnorm, Janssen). The bats were maintained at 37°C, the level of anesthesia was continuously monitored, and every 40 min a repeated Ketavet or Hypnorm dose was administered. Tone stimuli were delivered through a calibrated, closed sound system under computer control. The sound system incorporated a measuring microphone that was used to measure OAEs. The system was compensated for constant sound pressure level (SPL) at the microphone membrane. Detailed methods are published elsewhere (6) . In some experiments free field stimulation was used and the SPL was calibrated before the experiment with the microphone placed at the position of the bat's tympanum. Both procedures yielded similar results.
The middle ear was opened to expose the round window of the cochlea. The round window was left intact and the beam from the laser diode interferometer was focused through the transparent round window membrane to form a 10-,um (diameter) spot in the middle of the basal half-turn of the BM. The beam was reflected almost entirely from the bases of the pillar and Deiters cells rather than from the hair cells or tectorial membrane, which either were located too deep within the organ of Corti or were too transparent to be discerned through the microscope. In these experiments it was relatively easy to direct the beam to any position on the BM that was visible through the round window and to compare vibrations of the BM with those of a fixed structure such as the round window itself or the spiral lamina, which did not produce tuned displacements to tones presented at the tympanic membrane.
Displacements of the BM were measured by the self-mixing effect of a diode laser. The technique is similar to that for gas lasers (7) but the interferometer is more compact and easier to implement for in vivo measurements. The self-mixing in a laser diode depends on reflecting back a small proportion of the light emitted by the laser into the laser cavity (8) . The mixing of the back-reflected light with the light actually produced in the cavity has a cosine dependence of the laser intensity with the target position. As the target is displaced along the beam axis, the intensity of the diode laser varies sinusoidally with a period of A/2. For the case of a target oscillating with an amplitude p about a fixed position Po, the displacement P(t) is given by: P(t) = Po + p sin(ot).
[1]
The self-mixing effect is essentially linear for changes in p of less than about 30 nm. The displacement-dependent effect was measured in the signal of the photodiode, which is located behind the laser crystal in the photodiode laser housing. The bandwidth of the displacement-dependent signal was 200 kHz. Calibration of the signal was achieved by displacing the interferometer a known amount by a piezoelectric driver, Proc Natl Acad Sci USA 92 (1995) 277 which moved 12.5 nm/V. The output of the interferometer was fed into a spectrum analyzer and a pair of lock-in amplifiers set in quadrature, and the phase and magnitude of the signal were calculated on-line by the computer. Sound levels are in decibels (dB) re 20 ,tPa.
RESULTS
Evoked otoacoustic emissions, which are an indirect indicator of cochlear resonance in Pteronotus (6), were measured at the beginning of each experiment to determine the cochlear resonance frequency. A single evoked OAE was consistently emitted from each ear and its frequency was a few hundred Hertz above the dominant, constant frequency component of the echolocation call in the range of 60-63 kHz. Fig. 1 shows an example of an evoked OAE that appears as a sharp maximum/minimum pattern in the frequency response measured acoustically at the tympanum. After opening the middle ear cavity, the evoked OAEs varied in amplitude and often completely vanished, although the cochlea remained untouched. A laser diode interferometer was used to measure BM displacements of the first half of the basal turn of the cochlea through the round window membrane. The location of the measurements was 4-6 mm basal to the cochlear place of the 61-kHz resonance. For SPLs between 50 and 105 dB SPL, this region of the BM responded to frequencies of 88-98 kHz, in agreement with the cochlear frequency map of Pteronotus (2) . Recordings of BM responses to swept tones were made at constant stimulus levels. Measurements at frequencies in the 90-kHz range were made in only two preparations because the high-frequency BM responses were labile and deteriorated during the course of an experiment (not shown). Throughout the same cochlear region we found BM responses tuned to a frequency range between 58 and 64 kHz. Fig. 2 shows an iso-response tuning curve of the BM displacements recorded from the 96-kHz region of an individual where there is a threshold minimum at 96 kHz and another at 63.25 kHz, which corresponds to the frequency of the evoked OAE of this bat. according to the characteristics of a damped resonator with the displacement (D) and phase (P) given by:
where f is the driving frequency, f0 is the resonance frequency of the undamped system, k is the damping coefficient, and Do (9) .
From the fitted displacement data, Q3dB (resonant frequency/bandwidth at 3 dB of the peak magnitude) and resonant frequency values were derived for frequencies between 61.3 and 62 kHz. The frequency and Q3dB of the resonance varied slightly and continuously between measurements. In fact, following repetitive or intense tones around the resonance, the Q3dB and the magnitude of the BM response decreased, the phase change became more gradual, and, in extreme cases, the resonance even disappeared altogether for some minutes. The relationship between the Q3dB and the frequency of the resonance is plotted in Fig. 4 , where it can be seen that the Q3dB reached maximum values above 900 when the resonant frequency was close to the mean ± SD of 61.47 ± 0.175 kHz. When the resonant frequency was close to the mean, between 61.4 and 61.5 kHz, the derived damping coefficients were extremely small and varied between 0.0015 and 0.00048. Similar values were found for the damping coefficients of the resonant filter functions, which were fitted to the evoked OAEs (see Fig. 1 ). No clear relationship was found between the variation in resonant frequency and changes in the peak magnitude of the resonance. This may indicate that the amplitude and tuning of the resonance are controlled by independent mechanisms. Sharp resonances were observed for stimulus levels as low as 35 dB SPL. The iso-response tuning curve shown in Fig. 5 represents the interpolated SPLs at which the measured resonance maxima surpassed 0.1 nm at a given stimulus frequency for frequencies around the resonance frequency in a single cochlea. The tuning curve is characterized by very steep slopes with a Q1odB (center frequency/bandwidth 10 dB from tip) value around 610 (Fig. 5) . Although the BM response to constant stimulus levels can be modeled as a linear resonance, the peak displacements of the resonance change nonlinearly with stimulus level (compare the frequency-response functions shown in Fig. 3 obtained at 55 and 70 dB SPL). The large variations that were observed in the peak displacement for different measurements at the same SPL suggest that the resonator is probably close to instability and, hence, liable to generate spontaneous oscillations.
DISCUSSION
The present study shows that enhanced tuning in the 60-kHz range can be explained by a simple mechanical resonance that is apparent in the displacement of the BM at constant stimulus level. Resonant oscillations at about 61 kHz are not restricted Freauencv (kHz) FIG. 5. Iso-displacement tuning curve of the BM response of a single cochlea to frequencies in the 60-kHz range (QlodB = 610). The iso-response tuning curve represents the interpolated SPLs at which the measured resonance maxima exceeded 0.1 nm at a given stimulus frequency for frequencies around the resonance frequency.
to the cochlear representation place of this frequency and, in fact, all were recorded in more basally located regions of the bat cochlea. This finding supports the proposal that evoked OAEs arise as a consequence of propagated mechanical signals in the reverse direction down the cochlear partition (10, 11) . The Q3dB values, the damping coefficients, and the frequency of the BM resonance are similar to those of evoked OAEs and, accordingly, the BM resonance can account for the generation of otoacoustic emissions in Pteronotus. At frequencies close to resonance frequency, and hence the OAE frequency, the responses of auditory nerve fibers and brainstem neurones are very sharply tuned with QlodB values up to 400 (12, 13) . Although this tuning is remarkable when compared with typical values of between 1 and 10 for the QlodB of auditory nerve fibers in the cochleas of nonecholocating mammals (14) , the tuning of the afferent fibers of the acoustic fovea is not as sharp as the resonance we have measured in BM displacements (see Fig. 5 : QlOdB of 610). This may be because the neurones detect the resonance after it has been filtered by the local mechanics of the cochlear partition and by the inner hair cells. In addition, the 61-kHz region of the cochlea may also respond to neighboring frequencies, whereas only the resonance is propagated to the first half-turn of the BM.
The 61-kHz BM resonance in the cochlea of Pteronotus is thought to emanate from discontinuities in the structure of the cochlea in the region of the acoustic fovea. For example, the thickness of the BM changes abruptly in the 60-kHz region (2) . It has been proposed that this discontinuity could lead to reflection of the traveling wave and to reverberant oscillations along the BM between the 60-kHz place of the acoustic fovea and the basal end of the BM. Thus, standing-wave-like phenomena occur, which lead to resonant 61-kHz oscillations along the whole extent of the BM in the basal region of the cochlea (10, 11) . At present, it is not possible to distinguish between this hypothesis and another, where the passive resonance has been attributed to different radial oscillation modes of the BM (15, 16) . However, variability of the 61-kHz BM resonance and the OAEs and their level dependency indicate that the mechanism of the 61-kHz resonance depends not only on passive components of the cochlear partition (BM and tectorial membrane) but also on active and labile structural elements in the cochlear partition. In this respect, the motile outer hair cells (OHCs) (17) have been attributed as the sources of active, mechanical feedback to the cochlear partition in many models of frequency tuning in the mammalian cochlea (18) . The OHCs could also be the sources of the timeand level-dependent variations in the Q3dB and in the resonance frequency reported here. Shifts in the frequency of | B w l Proc. Natt Acad Sci USA 92 (1995) Proc Natl Acad Sc. USA 92 (1995) 279 evoked OAEs and in neural tuning in the cochlea of the mustached bat have been induced through changes in body temperature and through presumed excitation of the efferent innervation of the OHCs through contralateral acoustic stimulation (19) . However, the body temperatures of the bats used in the experiments reported in this paper were kept constant and it is unlikely that the efferent system was active in these deeply anesthetized animals. If the remarkable tuning of the BM in the 61-kHz region is determined through interaction between the passive resonant properties of the cochlea and the gain and time constant of mechanical feedback from the OHCs into the cochlear partition, then maximum Q3dB values might be expected when the parameters of the active and passive systems are matched. A mismatch in the parameters of either one of the components might be expected to give rise to a broadening of the tuning and a slight shift in the best frequency of the resonance (see Fig. 4 ). Strong spontaneous OAEs may arise when the resonator is driven by the force generated by the OHC feedback system.
The 61-kHz resonator in the cochlea of the mustached bat, like cochlear frequency tuning in nonecholocating mammals, appears to have properties that depend critically on the mechanical state of the organ of Corti and the OHCs. By implementing a labile, actively controlled resonator in the cochlea, Pteronotus achieves a cochlear frequency resolution that is far beyond the scope of normal mammals and possibly cannot be bettered. A drawback of this mechanism is that it only works for a single frequency and probably interferes with the processing of neighboring frequencies. It is not clear why neurones in the basal turn of the cochlea, which are tuned to frequencies between 88 and 98 kHz and up to 120 kHz, do not produce responses to the 61 kHz, in spite of the strong 61-kHz oscillations that travel along the cochlear base. It is possible that in the cochlear base at 61 kHz the radial movement of the reticular lamina is paralleled by an in-phase movement of the tectorial membrane (20, 21) so that there is no shear displacement of the inner hair cell stereocilia.
